Abstract. The present study aimed to evaluate the utility of high-resolution magnetic resonance imaging (MRI) in the characterization of atherosclerotic plaques in patients with acute and non-acute cerebral infarction. High-resolution MRI of unilateral stenotic middle cerebral arteries was performed to evaluate the degree of stenosis, the wall and plaque areas, plaque enhancement patterns and lumen remodeling features in 15 and 17 patients with acute and non-acute cerebral infarction, respectively. No significant difference was identified in the vascular stenosis rate between acute and non-acute patients. Overall, plaque eccentricity was observed in 29 patients, including 13 acute and 16 non-acute cases, with no significant difference identified between these groups. The wall area of stenotic arteries and the number of cases with plaque enhancement were significantly greater in the acute patients, but no significant difference in plaque or lumen area was identified between the 2 patient groups. Lumen remodeling patterns of stenotic arteries significantly differed between the acute and non-acute patients; the former predominantly demonstrated positive remodeling, and the latter group demonstrated evidence of negative remodeling. In conclusion, patients with acute and non-acute cerebral infarction exhibit specific characteristics in stenotic arteries and plaques, which can be effectively evaluated by high-resolution MRI.
Introduction
Cerebral atherosclerosis is an important risk factor for ischemic stroke, and is the cause of stroke in 8-15% of patients (1) . Factors that lead to stroke and that are associated with cerebral artery stenosis include intraluminal embolus, perforating artery occlusion and low perfusion (2) . Currently, common techniques used for cerebrovascular evaluation include computed tomography angiography, magnetic resonance angiography (MRA) and digital subtraction angiography (DSA); however, the majority of these only examine the vascular lumen. With the development of interventional vascular therapy, pre-operative evaluation for interventional treatment of cerebrovascular diseases should not be limited to the location and stenosis of afflicted vessels. Rather, it is also important to determine the distribution, shape and properties of plaques on stenotic artery walls in order to properly evaluate surgical procedures and patient prognoses. High-resolution magnetic resonance imaging (HR-MRI) is a novel technique developed to examine blood vessels, specifically in the evaluation of cerebral vessel wall plaques (3). Previous HR-MRI studies demonstrated that vascular lumen morphology was significantly different between patients with symptomatic and asymptomatic cerebral infarction (4). However, vessel wall morphology and plaque enhancement patterns during different periods of cerebral infarction have not yet been reported. In the present study, 3.0-T HR-MRI was performed to investigate the morphological characteristics of afflicted vessels during different periods of cerebral infarction in patients with acute and non-acute cerebral infarction.
Materials and methods
Clinical data. Informed consent was obtained from all patients prior to an MRI scan. The study was approved by the institutional review board and ethics commission of the Affiliated Hospital of Xuzhou Medical College (Xuzhou, China), and 32 patients were prospectively included. Clinical data were collected from patients with unilateral middle cerebral artery (MCA) stenosis confirmed by brain MRA, which was performed in the Affiliated Hospital of Xuzhou Medical College between November 2013 and April 2014. Patients with any of the following conditions were excluded: An age of <50 years; non-atherosclerotic cerebrovascular disease, including vascular malformations, arterial dissection and arteritis; <50% MCA stenosis; and HR-MRI of insufficient quality to meet measurement requirements.
HR-MRI examination. Time-of-flight (TOF) MRA was performed using a Discovery MR750 3.0-T superconducting MRI scanner (GE Healthcare, Piscataway, NJ, USA) equipped with a 16-channel phased array coil.
Sca n pa ra meters were as follows: Repetition time (TR)/echo time (TE), 27/6.9 msec; field of view (FOV), 24x16 cm; layer thickness, 1.6 mm; flip angle, 20˚; number of excitations (NEX), 1; and matrix size, 320x256. For diffusion-weighted imaging (DWI) these parameters were as follows: TR/TE, 4,500/90 msec; FOV, 24x24 cm; layer thickness, 6.0 mm; and NEX, 3.
For HR-MRI, proton density-weighted imaging (PDWI) scan parameters were as follows: TR/TE, 2,900/20 msec; FOV, 12x12 cm; layer thickness, 2.5 mm; NEX, 4; echo train length (ETL), 10; matrix size, 256x256; and voxel size, 0.22x0.22x2.5 mm. For T1WI and enhanced T1WI, the parameters were as follows: TR/TE, 600/12 msec; FOV, 12x12 cm; layer thickness, 2.5 mm; NEX, 4; ETL, 3; matrix size, 256x256; and voxel size, 0.22x0.22x2.5 mm.
Contrast-enhanced T1-weighted images were captured 2 min after intravenous injection of gadopentetate dimeglumine (Magnevist; Bayer Schering Pharma AG, Leverkusen, Germany) at 0.1 mmol/kg of body weight. A total of 6 slices were imaged in each HR-MRI sequence, and the scan time was 2-3 min for each.
Image analysis. All images were uploaded to an AW Volume Share 5 (4.6) workstation (GE Healthcare) for analysis. Image quality was rated on a scale of 1-5 (in which a score of 5 indicated excellent image quality). Parameter measurement and quantitative analysis were conducted on images with a score of ≥3 (5) . Patients were classified into the acute and non-acute cerebral infarction (including no infarction and old infarction) groups based on the presence or absence of high DWI signal intensity. The outer wall boundary and the vessel lumen of the narrowest vessel segments were manually drawn using the PDWI sequences ( Fig. 1) , and lumen and vessel areas were automatically calculated by the workstation software. Wall area = vessel area -lumen area. A normal layer at the proximal end of the lesion was selected as the reference layer; if there was no suitable layer at the proximal end, a normal layer at the distal end was selected. Stenosis rate = (1 -lumen area of the narrowest layer / lumen area of the reference layer) x 100; remodeling rate = vessel area of the narrowest layer / vessel area of the reference layer. A remodeling rate of ≤0.95 was defined as negative remodeling (NR), and a rate of ≥1.05 was considered positive remodeling (PR) (6) . An eccentric plaque was defined as localized plaque surrounding <75% of the vessel wall. Image quality and target vessels were analyzed by two experienced imaging physicians, with 16 and 14 years of experience, in a blinded manner, and a consensus was achieved through discussion when disagreements occurred.
Statistical analysis. All data were analyzed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). The basic clinical data, stenosis rate, wall area, lumen area, plaque area, plaque enhancement patterns and wall remodeling rate were compared between the acute and non-acute infarction groups. Measurement data were expressed as the mean ± standard deviation and compared between the two groups using a two-sample Student's t-test. Enumerated data were expressed as frequency and percentage and compared between the two groups using χ 2 or Fisher's exact tests. P<0.05 was considered to indicate a statistically significant difference.
Results
A total of 32 patients met the inclusion criteria, including 15 acute and 17 non-acute cerebral infarction patients. The time from onset to MRI ranged from 6 h to 3 days for acute patients. The patients' general information and atherosclerosis risk factors are listed in Table I . The quality of all images met the aforementioned quantitative analysis requirements. There was no significant difference in image quality between the DWI-positive and -negative groups (3.5 vs. 3.6; P>0.05).
Overall, eccentric plaques were observed in 29 patients, including 13 acute and 16 non-acute infarction patients. The vascular stenosis rates were 70.12±16.42 and 68.22±12.87% in the acute and non-acute patients, respectively (P=0.281). The acute group was significantly different from the non-acute group with regard to wall area, lumen remodeling rate and plaque enhancement (P=0.002, P=0.002 and P=0.004, respectively). The wall area of stenotic segments was significantly greater in the acute group compared with the non-acute group (11.84±2.81 vs. 8 
Discussion
Cerebral atherosclerosis is a common disease, and plaque formation and rupture are important factors in the pathogenesis of ischemic stroke and transient ischemic attack (TIA). Previous carotid artery studies have indicated that MRI could effectively evaluate carotid artery plaque characteristics (7). Due to the small lumen of cerebral arteries and the limitations of MRI, only a few studies have evaluated cerebral arterial walls and plaques (3, 8) , but the development of HR-MRI has made it possible to assess intracranial arterial wall morphology using MRI.
Klein et al (9) demonstrated that HR-MRI could produce images of cerebral arterial walls and lumina; in specific cases in which conventional TOF MRA provides normal findings or images of a rough wall, HR-MRI can detect wall plaques that are not visible using MRA. This is hypothesized to be associated with vascular lumen remodeling. Early studies investigating the coronary arteries identified two patterns of lumen remodeling: PR and NR. The former is characterized by outward expansion of blood vessels, which aids in maintaining vascular lumen size, but makes the plaques vulnerable to rupture, thus causing TIA and acute stroke. The latter is characterized by inward blood vessel contraction, which can aggravate stenosis, but allows the plaques to be relatively stable (9, 10) . Thus, a large wall plaque may not cause stenosis due to vascular lumen remodeling. For this reason, traditional TOF MRA and DSA have certain limitations and can be misleading when evaluating stenosis or risk factors. Li et al (11) performed TOF MRA and HR-MRI examinations in 48 patients with suspected MCA stenosis. The study reported that HR-MRI detected abnormal vessel walls that were diagnosed as normal by TOF MRA in 5 patients, and 2 patients were diagnosed with vascular stenosis using TOF MRA, but no abnormal lumen was reported by HR-MRI. These findings were considered to be associated with the different remodeling patterns in the stenotic lumen.
In the present study, the acute cerebral infarction group had a wall area significantly greater than that of the non-acute group, and predominantly exhibited PR. No significant differences were identified in lumen area or plaque area, and therefore, it was suggested that the presence or absence of increased DWI signal intensity was due to vascular remodeling. In previous studies, the remodeling pattern of stenotic arteries has been associated with interventional surgery complications (12); patients with NR may be at greater risk of injury during interventional therapy, and pre-operative HR-MRI aids in the assessment of the risk of surgery (13) .
HR-MRI is currently the best way to evaluate cerebral artery plaque stability. Due to the limited resolution of MRI equipment, cerebral arterial plaque composition analysis remains in the exploratory stage (14) . Conversely, the analysis of carotid atherosclerotic plaque composition using HR-MRI is relatively mature, and intracranial atherosclerotic plaques have properties similar to those of carotid atherosclerotic plaques (15) .
Unstable plaques are characterized by a large intraplaque lipid core or intraplaque hemorrhage, and a thin or discontinuous fibrous cap, whereas stable plaques are mainly composed of fiber, have a small or no lipid core, and a thick and continuous fibrous cap (16, 17) . Plaque enhancement, in addition to signal characteristics, is associated with plaque stability. Enhanced imaging reveals enhanced wall plaques of afflicted arteries in acute stroke patients and plaque enhancement is associated with the infarction distribution (18, 19) . In the present study, wall plaque enhancement was observed in 12 and 4 patients in the DWI-positive and -negative groups, respectively.
The plaque enhancement rate was significantly higher in the DWI-positive group, and wall plaque enhancement was considered to be associated with internal neovascularization or inflammatory reactions (20) . The present study has certain limitations. First, although HR-MRI is more effective than conventional TOF MRA in evaluating cerebral arterial wall plaques, the majority of the results are based on associated results of carotid or coronary plaques from earlier studies and it is difficult to obtain pathological results of cerebral artery plaques. For this reason, the evaluation of cerebral artery plaque morphology and properties is subjective to a certain extent. Second, due to the small total sample size, the cerebral infarction patients were divided into acute and non-acute groups based on DWI only, and were not further divided according to infarction time. Moreover, the severity of cerebral infarction in the acute patients was not clearly defined, meaning that there were a few uncertain factors in the stenotic artery analysis. Third, plaque enhancement was mainly determined based on the subjective judgment of the physicians; no quantitative analysis was performed. In future studies, quantitative analyses of plaque signal intensities prior to and following enhancement may aid in determining the association between plaque properties and cerebral infarction.
In conclusion, the present study showed that HR-MRI can provide high-quality images of vessel wall structure that cannot be achieved with conventional MRI, and thus can serve as a clear complement to TOF MRA to perform a more detailed analysis of stenotic artery walls in patients with cerebral infarction, including resolving plaque properties. HR-MRI can thus assist in clinical treatment and in determining patient prognosis.
